containing decaying plant material. The organisms were recognized as myxobacteria by growthstage characteristics, forming swarming colonies and fruiting bodies on agar and on filter paper. These strains were unusual for their ring-like or halo colony appearance in an agar. Both isolates were characterized as bacteriolytic, non-cellulolytic, mesophilic, aerobic and chemoheterotrophic and showed resistance to various antibiotics. GC-MS analysis of their cellular fatty acids revealed rather large quantities of docosahexaenoic acid, and they also both contained eicosapentaenoic acid, arachidonic acid and docosapentaenoic acid. Strain SBSr003 T was previously identified as the producer organism of a novel class of potent antiviral metabolites that were called aetheramides. The G+C content of the genomic DNA was 68.0-68.9 mol%. Phylogenetic analysis revealed that both strains belong within the family Polyangiaceae, suborder Sorangiineae, order Myxococcales. Their 16S rRNA gene sequences showed the highest similarity (97-99 %) to sequences derived from clones of uncultured bacteria, 95-96 % similarity to Byssovorax cruenta and Sorangium cellulosum and 94 % similarity to Chondromyces apiculatus.
Strains SBSr002
T and SBSr003 T were isolated from dried soil samples taken from the Saarländisches Zentrum für Biodokumentation (Saarland Centre for Biodocumentation), Landsweiler-Reden, Saarland, Germany. The fact that the strains were isolated from dried samples implies that fruiting bodies or myxospores had been developed under these desiccation conditions. Strain SBSr003 T was discovered using the standard filter paper-baiting method on mineral salt agar, while SBSr002
T was found by standard bacterial baiting using Escherichia coli in water agar (Shimkets et al., 2006) . By cutting the furthest swarm colony edge and repeated transfers onto the same fresh medium, the strains were finally purified and isolated. They were routinely cultivated and maintained in buffered yeast agar medium (Garcia et al., 2009a) . Temporary storage was at room temperature for 2-3 weeks on an agar plate. Transfer and subcultivations into fresh agar were usually performed before the swarm colony reached the edge of the Petri dish. Actively growing vegetative cells were permanently stored in a 280 8C freezer by slow freezing in a cryochamber (e.g. Nalgene Mr Frosty) using cold 2-propanol, and also by using DMSO and glycerol as cryoprotectants (Garcia & Müller, 2014a) .
Morphology stages were determined according to our previous study . In addition, fruiting bodies were also investigated using Primo Star brightfield (Zeiss) and LSM 510 Meta confocal laser scanning (Zeiss) microscopes. All growth stages were observed from cultivation of strains on ST21, VY/2 (Reichenbach & Dworkin, 1992; Shimkets et al., 2006) and buffered VY/2 (Garcia et al., 2009a agar.
Assays for degradation of cellulose and chitin, microbial predation and catalase followed methods described previously . Reactions of the vegetative cells to Gram stain were assessed according to the standard microbiological method, while Congo red staining was done according to McCurdy (1969) . The oxidase test was performed using a commercial strip (Sigma-Aldrich), while catalase activity was determined using 3 % H 2 O 2 . Tests for enzyme activities were performed using an API ZYM kit (bioMérieux) following the manufacturer's instructions except that myxobacterial inocula were suspended in sterile distilled water and incubated at 28 8C for 24 h.
Hydrolysis of soluble starch, skimmed milk and milk casein was determined according to published methods but was assessed here in Casitone agar (w/v: 0.3 % Bacto casitone, 1.5 % Bacto agar; pH 7.0 adjusted with KOH) to support growth of the strains. Additionally, hydrolysis of skimmed milk (Roth) and milk casein (from bovine milk; Sigma) was also determined by supplementation (0.2 %, w/v) in 50 ml Casitone broth. Hydrolysis of xylan (from birch wood; Roth) and Tweens 20 and 80 (Sigma) was also tested in Casitone agar at 0.2 % (w/v). The aesculin (Sigma) test was performed in Casitoneaesculin agar [w/v: 0.3 % Bacto casitone, 0.1 % aesculin (Sigma), 0.1 % trisodium citrate dihydrate, 0.005 % ferric citrate, 1.5 % Bacto agar]. Growth responses to various temperatures and antibiotic resistance were determined according to Garcia et al. (2014) but with the inclusion of tobramycin (Sigma). pH tolerance tests were performed in VY/2 agar adjusted from pH 4 to 10 at intervals of 1.0 pH units. The response to anaerobic growth conditions was tested using an anaerobic jar. NaCl tolerance was initially assessed in Casitone agar at 0-3 % (w/v) at 0.5 % intervals and later narrowed to 0-0.5 % (w/v) at intervals of 0.1 % to determine the maximum tolerance. Unless specified, tests were incubated for 2 weeks at 28 8C.
The ability of the strains to grow with different sugars, inorganic nitrogen sources and peptones was determined according to described methods based on supplementations in minimal medium . Cellular fatty acid extraction by the fatty acid methyl ester method and GS-MS analysis including the identification of long-chain polyunsaturated fatty acids (PUFAs) were done according to standard methods (Garcia et al., 2011 Gemperlein et al., 2014) . Strains used in the fatty acid analysis were grown in 50 ml MD1G medium (w/v: 0.3 % Bacto casitone, 0.05 % CaCl 2 . 2H 2 O, 0.1 % MgSO 4 . 7H 2 O, 0.35 % glucose, 5 mM HEPES; adjusted to pH 7.0 before autoclaving with KOH), shaken at 200 r.p.m., for 5 days. The DNA G+C content was determined based on a standard HPLC method (Li et al., 2003; Shimelis & Giese, 2006) .
Isolation of genomic DNA for 16S rRNA gene amplification using universal primers was described previously . Specifically designed primers Sr2_1 (59-CCAGAAGTGGCTGCGCCAA-39) and Sr2_2 (59-CGAGGTCTTCACCGACGCGG-39) for strain SBSr002 T and Sr3_1 (59-CCGGCCTCAGTACGGATAAG-39), Sr3_2 (59-GTCTTCACCGACGCGGTTG-39) and Sr3_3 (59-CCA ACTAGCTGATGGGCCG-39) for SBSr003 T were also used for amplification and sequencing of the 16S rRNA gene. Cells were obtained and prepared from an actively growing culture taken from MD1G medium. Comparison of the 16S rRNA gene sequences to public databases (GenBank/EMBL/DDBJ) was performed using the standard nucleotide BLASTN 2.2.29+ (Zhang et al., 2000; Morgulis et al., 2008) . The 16S rRNA gene sequences used in this study, which mostly represented myxobacterial type strains of the suborder Sorangiineae, were retrieved from GenBank. Alignment of sequences was performed using the MUSCLE software (Edgar, 2004) , and distance matrices were calculated using the Jukes-Cantor model (Jukes & Cantor, 1969) . The phylogenetic tree was reconstructed using the neighbour-joining method (Saitou & Nei, 1987) with bootstraps calculated for 1000 replicates (Felsenstein, 1985) . The 16S rRNA gene sequence of Desulfovibrio desulfuricans MB was chosen as an outgroup to root the tree. These programs used for phylogenetic analysis are included in the Geneious Pro 8.1.3 software suite (Drummond et al., 2010) .
The vegetative cells were long, slender and phase-dark rods measuring 1.0-1.362.9-6.0 mm (Figs 1a and 2a) . Poles of the cells were rounded, showing similarity to members of
The new genus Aetherobacter, with two novel species the Sorangiineae. Vegetative cells were whitish to beige for SBSr003 T and yellow to orange for SBSr002 T ; both were motile by gliding on the surface and within the agar. In buffered yeast and VY/2 agars, a deep-agar swarming pattern with high cell density along the colony edges was commonly observed. Migrating swarm cells moved coherently, appearing as a ring or circular halo while, at the same time, clearing the yeast cells and leaving the centre of the colony transparent (Figs 1b and 2b) . Along the edges of the colony on the surface of the agar, long veins were also sometimes produced by SBSr002 T (Fig. 1c) , while a thin and film-like surface could be seen in SBSr003 T (Fig. 2c ). Shallow depressions on the medium were often found for both strains, indicating partial agar degradation.
In baker's yeast agar (e.g. VY/2, buffered VY/2), fruiting bodies of the novel isolates were often produced on the edge of the Petri dish, and the developing-stages differed in pattern and colour . Strain SBSr002
T initially developed fruiting bodies as simple yellowish mounds or sometimes as tortuous chains (Fig. 1d, e) . The matured fruiting bodies appeared yellowish orange to golden in colour and were often held in a transparent slime (Fig. 1f ). These were composed of bundles of sori (30.0650.0 mm) that contained 5-20 tiny sporangioles (10.4-11.4 mm) or sometimes even more (Fig. 1g, h ). This fruiting arrangement was further illustrated in Fig. 3 .3b of our earlier study (Garcia et al., 2009a) .
In SBSr003
T , fruiting bodies started from a white cellular aggregation to a vermilion or red colour at the final stage of maturity ( Fig. 2d-g ) (abstract figure, Plaza et al., 2012; Fig. 6.7 of Plaza & Müller, 2014) . The shape varied from very long rolls and ridges (3406400-190062900 mm) visible to the naked eye ( Fig. 2d ) to just simple mounds (1206140 mm) (Fig. 2e, f) . The whole fruiting body structure lacked an enclosing wall (Fig. 2g) , although a The new genus Aetherobacter, with two novel species transparent slime was sometimes present. They were composed of tiny oval to spherical sporangioles (6.0-12.0 mm) that appeared not bound to a sorus (Fig. 2h) . The sporangioles were tightly packed in small aggregates (14.0615.0-16626 mm) and seemed to be in a compartmentalized arrangement ( Fig. 2g) , as was also demonstrated under confocal laser scanning microscopy (see Fig. 3 .3c of our previous study; Garcia et al., 2009a) .
The two novel strains clearly produced much smaller sporangioles compared with members of the genera Byssovorax and Sorangium. The ability of members of the latter genus to develop fruiting bodies within the cellulose fibre strands is one of the important differences compared with the novel bacteria. In addition, brownish to black sporangioles, like in many strains of Sorangium, and the huge (60-180 mm) blood-red-coloured sporangioles of Byssovorax were never encountered with the novel bacterial isolates. Partially pressed sporangioles released slightly optically refractive rod cells that were presumably myxospores. These were short and nearly as wide as the vegetative cells, with rounded ends (Figs 1i and 2i), and were desiccation-resistant. In SBSr002 T , the myxospores appeared much larger (1.0-1.263.2-4.0 mm) than for SBSr003 T (1.062.0 mm).
The novel strains were Gram stain-, Congo-red-stain-and oxidase-negative, and catalase-positive. In water agar baited with live cells of E. coli, the colony was film-like and thin with wave-like or rolled edges upon contact with the bait. The ability to prey on and lyse microorganisms was not surprising for the novel isolates, since most myxobacteria are known predators in the natural environment. This could also be observed by clearing of baker's yeast in VY/2 medium. Fruiting bodies typically developed after lysis of bait. The novel isolates differ from members of the closest genus Byssovorax by their inability to degrade cellulose (e.g. filter paper, cellulose powder) and chitin. However, partial agar degradation was commonly observed in all agar media used for cultivations, with fast swarming observed in soft VY/2 agar medium [0.8-1.0 % (w/v) Bacto agar].
In yeast-based agars (VY/2 and buffered VY/2), the fastest spreading of colonies and the largest swarm diameter were seen after incubation at 30 8C for SBSr002 T and at 22-28 8C for SBSr003
T . Both novel isolates grew at 18 8C but not at 37 8C. A difference between the two strains was also observed in the pH tolerance. Strain SBSr002 T grew at pH 5-9, with the largest swarm diameter observed at pH 6-8, while strain SBSr003 T grew at pH 5-8, with optimum growth at pH 6-7. No growth for either strain was found below pH 4.0 or above pH 9.0. The two novel isolates also differed in NaCl tolerance. Strain SBSr003 T was able to tolerate 0.2 % (w/v) NaCl, while SBSr002 T could only grow at 0.1 % (w/v). Since optimum growth was observed in the absence of NaCl and inhibition of growth occurred in its presence, this suggests that the novel bacteria are non-halophilic.
The two novel isolates shared positive reactions for hydrolysis of starch, skimmed milk, xylan and milk casein, and as well as for most API ZYM enzymic tests, including alkaline phosphatase, C4 esterase, C8 esterase lipase, leucine arylamidase, valine arylamidase, cystine arylamidase, a-chymotrypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase and b-galactosidase. A weakly positive reaction was observed for C14 lipase for both isolates. Strain SBSr002 T differed from SBSr003 T only in the b-glucosidase test, as the latter bacterium showed a faint purple colour, which indicates a negative reaction. In addition, precipitation was only observed in Tween 20 and 80 tests for SBSr002 T . A difference between the two novel isolates was also observed in the aesculin test, as strain SBSr002
T showed a positive reaction, while only weak activity was exhibited by SBSr003
T .
The two strains differed in their sugar requirements. Strain SBSr003 T grew with almost all sugars tested, with the best growth observed with arabinose and fructose supplementation, while SBSr002
T exhibited high cell yields in the presence of maltose, glucose and raffinose. Soluble starch also supported growth of the novel isolates. Supplementation with mannitol, arabinose, rhamnose, galactose, lactose, mannose, trehalose and sorbitol yielded poor growth for SBSr002
T . Mannose, rhamnose and xylose poorly supported growth of SBSr003
T . In peptone supplementations, SBSr002
T exhibited optimal growth with meat peptone, tryptone and neopeptone; moderate growth with proteose peptone, polypeptone and casitone; poor growth with soytone, casitone (Marcor S), soya meal peptone and phytone; and no growth with Casamino acids. Besides meat peptone, tryptone and neopeptone, strain SBSr003
T also showed enhanced growth with proteose peptone and polypeptone, indicating its wide-ranging ability to utilize available peptone substrates. Soya-based peptones including soytone (BD), phytone (BD), soya meal peptone (Merck) and soy peptone (Roth) only supported poor growth of SBSr002 T , while satisfactory growth was seen for SBSr003 T . Furthermore, supplementation with yeast and meat extracts did not result in significant growth effects, and only yielded satisfactory growth, while inorganic nitrogen sources did not induce growth of the novel bacteria at all. This is not surprising, considering that many myxobacteria usually prefer technical substrates or complex organic nitrogen and carbon sources (Gerth et al., 1984) .
The two novel isolates can also be distinguished in their antibiotic sensitivity and fatty acid patterns. Strain SBSr003
T was sensitive to nearly all antibiotics used except for ampicillin and apramycin. In contrast, strain SBSr002 T showed resistance to ampicillin, neomycin and other antibiotics including sodium cephalothin, gentamicin, hygromycin and trimetophrim. The major fatty acids common to both novel strains were iso-C 15 : 0 , C 22 : 6 (n-3) (docosahexanoic acid; DHA) and C 17 : 1 2-OH (Table 1) . The presence of the latter fatty acid, a chemotaxonomic marker compound for the Sorangiineae (Garcia et al., 2011) , indicates that the isolates belong to this suborder.
In addition, their affiliation to the suborder was also in agreement with a previous study on fatty acid-related phylogeny of the Myxococcales in the predominance of straight-chain fatty acids over branched-chain types (Garcia et al., 2011) .
The commercially valuable PUFAs DHA, eicosapentaenoic acid (EPA) and arachidonic acid (AA) were previously detected in the novel isolates . The presence of AA was not completely surprising, as it has been described in some genera of myxobacteria [e.g. Phaselicystis The new genus Aetherobacter, with two novel species (Garcia et al., 2009b) and Minicystis ] but, compared with the novel strains, the production of this PUFA was relatively low. EPA was not also new in myxobacteria, after it was reported in Minicystis , Sorangium and Enhygromyxa (Garcia et al., 2011) . The uniqueness of the novel isolates was primarily reflected in the presence of DHA; to date, they are the only known myxobacteria shown to produce this fatty acid. The DHA content in the novel bacteria accounted for as much as 10 % of the total cellular fatty acids. Strain SBSr002 T differed from SBSr003 T by at least fivefold higher production of the major fatty acid EPA and also for the presence of some O-alkyl glycerol (OAG) fatty acid derivatives (e.g. C 18 : 0 OAG, iso-C 16 : 0 OAG).
The PUFAs in the novel isolates were not only confirmed by GC-MS analysis but were also determined by molecular genetic study to identify the PUFA genes, a pioneering study in myxobacteria . The PUFA (pfa) biosynthetic gene clusters of strains SBSr002 T and SBSr003
T encode multifunctional PUFA synthases responsible for the production of long-chain omega-3 PUFAs, such as DHA . The study of pfa gene clusters was not completely novel, as they have been previously characterized from the marine gammaproteobacteria Shewanella pneumatophori SCRC-2738 T (production of up to 40 % EPA of total fatty acids; Yazawa, 1996; Metz et al., 2001) , Photobacterium profundum SS9 (up to 11 % EPA; Allen & Bartlett, 2002) and Moritella marina MP-1 (6 % DHA; Morita et al., 2000) as well as from the marine microalga Schizochytrium sp. ATCC 20888 (35 % DHA; Metz et al., 2001; Hauvermale et al., 2006) . However, the PUFA biosynthetic pathways of the two novel strains are considered unique, as they differ from these marine pfa gene clusters in consisting of only three genes (pfa1, pfa2 and pfa3) arranged in a specific order and they encode PUFA synthases that are characteristic in the nature, number and composition of their catalytic domains .
The novel isolates show high DNA G+C content (68.0-68.9 mol%), as expected for myxobacteria. Of the two novel strains, SBSr002
T exhibited a slightly higher DNA G+C content (Table 2 ). The 16S rRNA gene sequences of the isolates revealed the closest similarity by BLASTN comparison (97-99 %) to clones of uncultured bacteria (GenBank accession nos JQ684342, KF712871, FJ479473, JX521039 and FN421522). These sequences were mostly derived from soil samples, except for the last two, which were obtained from a sulfidic spring and the phyllosphere of a plant, respectively. These examples of uncommon and less-explored environments were always thought to be unique sources for novel myxobacteria Garcia & Müller, 2014b; Iizuka et al., 2006) . The closest similarities by BLASTN to myxobacterial type strains were 96 % to Byssovorax cruenta By c2 T , 95 % to Sorangium cellulosum DSM 14627 T and 94 % to Chondromyces apiculatus Cm a14
T . Phylogenetic analysis based on 16S rRNA gene sequences showed that the two novel isolates cluster together in the Polyangiaceae, with Byssovorax as the closest genus. The divergence of the novel myxobacteria from Byssovorax was not only supported by the low 16S rRNA gene sequence similarity but was also reflected in the topology, since they occupied two distinct separate clades (Fig. 3) . Based on previous studies, most myxobacterial genera with validly published names were estimated to show a difference of at least 4 % in the 16S rRNA gene sequence, including members of the family Polyangiaceae . However, the difference is much lower at the species level, as the majority of them fall within 1-2 % divergence. Considering these differences and the novel topology of the new isolates, the proposals for a novel genus and for two novel species appear justified. These novel isolates were previously introduced and shown positioned in a comprehensive myxobacterial phylogenetic study . Moreover, these molecular phylogenetic data also appear to be supported by phenotypic, chemotaxonomic and physiological characteristics.
Strain SBSr003
T became interesting after a novel cyclic depsipeptide compound family (aetheramides) was discovered with potent (IC 50 0.015 mM) anti-HIV-1 activity (Plaza et al., 2012) . Additionally, aetheramides were also shown to exhibit cytostatic activity against human colon carcinoma cells HCT-116 (IC 50 0.11 mM). Besides aetheramides, three other anti-HIV compounds (phenoxan and thiangazole from Polyangium and etnangien from Sorangium) were previously described in the family Polyangiaceae (Garcia & Müller, 2014b) . So far, aetheramides were only identified in strain SBSr003
T and not in SBSr002
T . Since the compounds produced by myxobacteria are unique and rarely overlap (Garcia & Müller, 2014b) , this suggests that they could potentially be useful as an additional chemical marker for polyphasic characterization in the future.
Furthermore, we highlight the unique characteristic of the novel myxobacterial isolates of producing omega-3 fatty acids and describe their unusual phenotypic features along with phylogenetic and molecular data. Table 2 summarizes these differences between the two novel isolates and the closely related type strain B. cruenta DSM 14553 T , which lead to proposals for a novel genus and two novel species. Saarländisches Zentrum für Biodokumentation (Saarland Centre for Biodocumentation), Landsweiler-Reden, Saarland, Germany. The DNA G+C content of the type strain is 68.9 mol%.
Description of Aetherobacter rufus sp. nov.
Aetherobacter rufus (ru9fus. L. masc. adj. rufus red).
Exhibits all the characteristic features of the genus. Vegetative cells are rods, 1.0-1.2|3.0-6.0 mm, and phase-dark. On yeast agar, the colony moves coherently in a circular shape, with a whitish colour at the swarm edge, while the centre appears clear and transparent. Exhibits shallow agar depressions. Fruiting bodies are red to vermilion, as mounds (120|140 mm) or long rolls (340|400-1900|2900 mm) and contain tiny sporangioles (6-12 mm) that are compactly arranged (14|15-16|26 mm). Myxospores are slightly refractive, stout and short rods (1.0-2.0 mm) with rounded ends, enclosed in a sporangial wall. Grows at pH 5-8 with best growth at pH 6-7 at 22-28 uC. Tolerates 0.2 % NaCl. Cellulose and chitin are not degraded. Hydrolyses starch, xylan, skimmed milk, casein and aesculin. Grows best in tryptone, neopeptone, proteose peptone, polypeptone and meat peptone. Shows good growth in the presence of arabinose, fructose, galactose, glucose, mannose, molasses, sorbitol, xylose, cellobiose, lactose, maltose, sucrose and soluble starch. Shows positive reactions in the API ZYM kit for alkaline phosphatase, C4 esterase, C8 esterase lipase, leucine arylamidase, valine arylamidase, cystine arylamidase, a-chymotrypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase and b-galactosidase, a weakly positive reaction for C14 lipase and negative reactions for b-glucosidase, trypsin, a-galactosidase, b-glucuronidase, a-glucosidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase. Sensitive to hygromycin, thiostrepton, fusidic acid, sodium cephalothin, trimetophrim, tobramycin, kanamycin, spectinomycin, tetracycline, oxytetracycline, streptomycin, carbenicillin, rifampicin, neomycin, polymyxin and bacitracin. Resistant to ampicillin, apramycin and gentamicin. Major cellular fatty acids are C 17 : 1 2-OH, iso-C 15 : 0 , DHA and iso-C 17 : 0 2-OH. Contains the PUFAs DHA, EPA, AA and DPA.
The type strain is SBSr003 T (5DSM 24628 T 5NCCB 100378 T ), isolated in 2007 from a soil sample from the Saarländisches Zentrum für Biodokumentation (Saarland Centre for Biodocumentation), Landsweiler-Reden, Saarland, Germany. The DNA G+C content of the type strain is 68.0 mol%.
